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Introduction
In a diversity of organisms, the sex chromosome pair have evolved suppressed recombination around the sex determining locus, sometimes extending across the entire chromosome 1, 2, 3 and recently reviewed in 4, 5 . One prominent theory for the repeated, independent evolution of suppressed recombination is that sexually antagonistic (SA)
factors at loci closely linked to a sex-determining locus establish polymorphisms, with one allele benefitting males and becoming associated with the male-determining allele at the sex-determining locus, while another allele that is favoured in females is associated with the alternative allele at the sex-determining locus 6 . Such linkage disequilibrium (LD) between the alleles at the SA locus and the sex-determining region generates selection for closer linkage between the two loci 3 . Although this model is plausible, and this process may be important in sex chromosome evolution 7 , evidence supporting its operation is scarce. If recombination between the SA gene and the sex-determining region has become suppressed, so that the entire region co-segregates in genetic crosses, it becomes difficult to detect the existence of a separate gene with a SA polymorphism within the region.
The fish Poecilia reticulata (the Trinidadian guppy) is particularly suitable for studying whether SA polymorphisms indeed lead to recombination suppression, because SA selection has been shown to be ongoing in natural guppy populations 8 . Male coloration factors are polymorphic within populations of guppies in many rivers in the Northern Range of mountains in Trinidad 8 . Conspicuous male coloration is favoured by sexual selection, but also increases visibility to predators. Thus male coloration traits are sexually antagonistic: in males, the risk of predation may be outweighed by the mating advantage (particularly in upriver populations, where predation is less severe due to waterfalls preventing the main predatory fish moving up from down-river sites), whereas such traits give females no advantage.
The involvement of SA selection is inferred from genetic studies showing that the factors controlling male coloration elements are concentrated on the sex chromosome pair, which carries 79% of factors found in natural populations, as reviewed by 8 , although only around 4% of the physical genome is represented by chromosome 12 (LG12) 9 , which carries the sex-determining region 10, 11 . Of the sex-linked male coloration factors, slightly more than half are fully sex-linked, while the others are partially sex-linked, being located at most about 10 centiMorgans (cM) from the sex-determining locus 8 ; these are expressed only in males 8 . Together, these classical results suggest that SA polymorphisms may have arisen on this chromosome, and subsequently evolved either male-specific expression, or complete sex linkage (the two expected routes by which conflicts between the sexes can be resolved 12 ). Although SA selection clearly occurs in natural guppy populations, negative frequency dependent selection also contributes to maintaining SA polymorphisms, as rare male morphs have advantages in mating 13 and higher survival , 14 .
A recent study in guppies 15 inferred that an extensive non-recombining region forms about half of the guppy sex chromosome pair, organised into two evolutionary strata similar to those described in other vertebrates, including mammals 16, 17 , and birds 18 . Specifically, independent evolution of recombination suppression in different upstream populations of guppies was inferred 15 . Such strata are consistent with the SA polymorphism hypothesis for recombination suppression, but are not definitive evidence, because other evolutionary situations can potentially select for reduced recombination around sex-determining loci 19 .
Here we describe results of genetic and population genomic approaches using fish from the same Trinidad guppy population as one studied by Wright et al. 15 . In agreement with Wright et al., we detect regions showing linkage disequilibrium with the sexdetermining locus, but we describe evidence that these do not represent evolutionary strata, but instead reflect LD with SA polymorphisms, as hypothesised in models of fully and partially sex-linked regions 20 . We found at most only a few LG12 SNPs with fully sex-linked genotype configurations, with many variants apparently showing partial sex linkage, probably due to gene conversion.
Our genomic results strongly suggest that crossing over is very rare across most of the chromosome, with 97% of its gene content showing strong LD with the sex-determining locus. To further evaluate this interpretation, we carried out genetic mapping, which revealed sexually dimorphic overall recombination rates (heterochiasmy), with very different patterns of crossover localisation in the two sexes. In male meiosis, crossing over was detected only at the tips of all chromosome tested (chromosome 12 and three autosomes). The sex chromosome is therefore not unique in this respect, but, because it carries the male-determining locus, a large region that includes this locus will be transmitted exclusively through the male lineage, allowing a differentiated Y-specific region to evolve 21 .
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The prominent heterochiasmy found in a sexually dimorphic species is intriguing. Since the heterochiasmy is genome-wide in the guppy, it probably evolved before LG12 became the sex-determining chromosome, and not as a consequence of SA polymorphisms. Even so, it paved the way for an alternative, non canonical, evolution of the guppy sex chromosomes and for the enrichment of sexually antagonistic male colouration genes on the sex chromosomes.
Results

Population genomic tests for associations with the sex-determining locus
With the aim of defining the fully and partially sex-linked region of the guppy chromosome 12, we sequenced the complete genomes of 10 male and 6 female fish from a captive population of guppies derived from an Aripo river high-predation population (see Methods).
The read mapping rate is slightly higher in females than males (97.638% versus 97.510%;
Kruskal-Wallis statistic 6.80, P value = 0.009, Supplementary Table S1 ), suggesting that a small number of diverged Y-linked sequences might fail to be mapped.
We analysed F ST values between the sexes for individual variable sites (see Methods) to test for associations between SNPs and the sex-determining locus 20 . Considerably higher F ST values were estimated for LG12 than for the other chromosomes (Figure 1 ), supporting its previous identification as the sex chromosome pair 10 . As previously found 15 , SNP density was also highest on LG12 (Supplementary Figure S1) . However, the difference from other chromosomes was less clear than for F ST , not surprisingly, given that coding and non-coding sequences were not analysed separately, and diversity values will therefore depend strongly on the densities of coding sequences in different regions. Analysis of F ST values does not suffer from this problem, because F ST is a relative measure, estimating the proportion of variability that is between the two populations analysed; thus, both coding and non-coding (labelled "XY SNPs" in Figure 3 ). Among these, ten clustered in a 15.6 kb region between positions 2,937,371 and 2,952,959 bp in the female assembly surprisingly, given the expectation that the sex-determining region is near the tip of LG12 10, 11 . Three other such SNPs were in a much larger region at a considerable physical distance from this cluster (> known in some other fish 24, 25, 26 , and a recent new analysis in the guppy also infers a small ancestral fully sex-linked region, using the same fish previously used to infer the 3 Mb old stratum 27 . An analysis to test for male hemizygosity also found no evidence that this is common on LG12 (Supplementary Figure S3A) . Nor did we detect coverage differences again not in the region of the inferred old stratum 15 .
These genotypes are recombinants between the commonest X and Y haplotypes, though they were not produced by recent recombination during captivity, as the sites with genotypes incompatible with complete sex linkage are found throughout the entire LG12 assembly, rather than forming extended haplotype regions separated by evident recombination events. To investigate these individuals further, we applied principal components analysis (PCA) to our SNP data. As shown in Figure 4A , two individuals that are outliers for LG12 SNPs also cluster together for SNPs on LG1 and LG9, while one does not.
These results suggest migration from a closely related population, most likely an Aripo upriver site. Such migration has been inferred in other studies 28, 29 . For LG12, the first two principal components explain only 17 and 13% of the variation, and somewhat smaller values for the two autosomes, consistent with the migrants being from a closely related source population.
Figure 4 about here
The PCA analysis ( Figure 4A ) also suggests the presence of two different Y haplotypes, which could also contribute to the low intersexual FST values we observe across LG12, along with rare recombination, which (as explained above) is indicated by the presence of many biallelic sites with male homozygotes for both alleles. To further test for the existence of two haplotypes, we examined all biallelic sites that were homozygous in all six females in our sample, and recorded how many males were heterozygous for another allele. Many more sites had 3 or 5 males heterozygous than any other configurations, supporting the presence of two groups of males with differing Y haplotypes among the eight males other than those with the likely immigrant and recombinant Y chromosome genotypes discussed above. We used these sites where the phase of variants can be inferred to make trees; these again show that these haplotypes extend across all of the chromosome, with strong bootstrap support, except perhaps for the tip region ( Figure 4D ). They also suggest that the two Y haplotypes formed soon after the X haplotype was established, which indicates the time when LG12 became a sex-determining chromosome.
Genetic mapping
Previous high density genetic mapping of guppies indicated a linkage group carrying the sex-determining locus 30, 31 . This corresponds to chromosome 12 in the genome assembly 9 . Cytogenetic studies in domesticated guppies 11 revealed that crossovers in male meiosis localise near the chromosome tips, consistent with crossover locations detected by genetic mapping 30 . For the XY pair, most cytologically detected crossovers were in the terminal 15% of the chromosome (most distal from the centromere), corresponding to about 4 megabases of the female assembly. A previous sparse genetic map using AFLP markers 32 did not detect crossover localisation in male meiosis.
We estimated separate genetic maps in male and female meiosis, and compared their crossover patterns, in full-sib F1 families from individuals from within-population crosses from the same Aripo river population as used for the population genomic analyses described above, and from wild-caught fish from the Guanspo and Quare rivers (see Methods), and mapped microsatellite and SNP markers, many of them informative for both male and female meiosis (Supplementary Table S2 ). In male meiosis of our families, most chromosome 12 markers co-segregate with the sex phenotype, confirming that chromosome 12 carries the sex-determining locus in all our male parent fish ( Figure 4 ). Cosegregation of markers was observed even for the centromere-proximal region, consistent with having found male-specific variants in this region from our genomic data, and implying that recombination between this region and the sex-determining locus is infrequent.
Figure 5 about here
The male and female meiotic maps differ in both the recombination rates and patterns. In male meiosis, recombination with the sex -determining locus was detected only for markers located in the terminal megabase of LG12, suggesting that the recombining tip region may be even more restricted than estimated cytogenetically 11 . In contrast, recombinants were detected throughout chromosome 12 in female meiosis ( Figure 4 A and B), and the order of the markers in the female genetic map agrees well with their order in the female assembly 9 , confirming its reliability, and showing that the markers are all LG12
sequences. In the Aripo family, the numbers of recombinants differ significantly between the sexes in three independent intervals, and in males the terminal interval differs highly significantly from that in the rest of LG12 (Supplementary Table S4 ). In the Guanapo and Quare families the differences are also significant.
To test whether heterochiasmy is restricted to LG12 (and might have evolved because this is the sex chromosome) or is a genome-wide feature of this species, we also mapped three autosomes (1, 9 and 18). Again, recombination events were detected in most intervals tested in female meiosis (Supplementary Figure S7) , whereas, in male meiosis, crossovers were confined to the two most distal megabases of each chromosome.
Discussion
The guppy sex chromosome system raises two interesting questions: how just 4% of the genome can carry so many male coloration genes (and possibly genes for other sexually antagonistic traits), and whether SA polymorphisms in the partially sex-linked region(s) are selecting against recombination with the sex-determining locus. Our results provide an answer to the first question. With a sexually dimorphic crossover pattern such as we observe, a chromosome that acquires a male-determining gene will immediately behave genetically as a Y chromosome without closer linkage evolving under selection against recombinant genotypes 21 . The recombination pattern that we find genome-wide in male guppies will therefore have resulted in almost the entire chromosome experiencing sexlinkage, as soon as a male-determining factor appeared on it, facilitating the establishment of SA polymorphisms. At loci with such SA polymorphisms, male-benefit alleles are predicted to be found in association with the male-determining allele at the sexdetermining locus, leading not only to linkage disequilibrium (LD) between alleles at the two loci, but also to LD between neutral variants located close to the SA locus and the sex- The LD we detect on this chromosome pair, and the evidence for two distinct Y haplotypes in our sample (Figure 4 ), may therefore represent the expected footprints of sexually antagonistic polymorphisms, given that guppy male coloration factors are concentrated on this chromosome pair 10 . Moreover, the observation of distinct Y haplotypes strongly suggests the action of frequency-dependent selection, as such polymorphisms are unlikely to be maintained in its absence 33 . If SA selection is indeed involved, crossover localisation might evolve to reduce recombination.
The rarity of recombination across most of the XY sex chromosome pair probably largely reflects an ancestral state with chiasma localisation to the chromosome tips in 12 males. The finding of sexual dimorphism of recombination rates and patterns in guppies and other fish species 30, 31, 34 , as well as in amphibians 21 suggests that such differences are widespread in lower vertebrates. Several evolutionary reasons for heterochiasmy have indeed been proposed and modelled 35 .
The prominent heterochiasmy found in guppy is also similar to the crossing-over patterns in Rana temporaria 36, 37, 38 . Occasional sex-reversals in these frogs create XY females, allowing rare recombination events between the X and Y chromosomes 39 ,
probably accounting for breakdown of associations between the male-determining locus and genetic variants in some R. temporaria populations, whereas other populations show male-specific haplotypes.
We now turn to the second question, namely whether SA polymorphisms have actually resulted in the evolution of less crossing over than occurred before these polymorphisms were established on the guppy sex chromosome. A recent paper concluded that recent recombination suppression events have occurred in low-predation populations, where selection against expression of male coloration traits by females is weaker. The authors concluded that the guppy Y chromosome carries an ancestral fully non-recombining region as large as 3 Mb, and a second, younger stratum evolved in up-river populations, forming a 10 Mb fully sex-linked region of this 26.5 Mb chromosome 15 . According to this interpretation, our high-predation population should lack the younger stratum and should only have the inferred 3 Mb old non-recombining stratum surrounded by a terminal ~1.5
Mb PAR from one side, plus a centromere-proximal recombining PAR of around 20 Mb from the other side. On the contrary, no crossover was detected for this centromere-proximal region in male meiosis of our three mapping families, thus clearly indicating that recombination must be rare in this region. More importantly, our population genomic results also show that many sites across the entire chromosome show LD with the sexdetermining locus, which implies that recombination has been very rare over the past history of the individuals sampled.
It remains to understand what produces rare recombination in the guppy sex chromosome. Sex reversals appear to be very rare in guppies 40 , but could allow rare XY reciprocal recombination in guppies, as in R. temporaria 39 . Alternatively, the rare recombination we detect may represent gene conversion. In several organisms, gene conversion occurs in regions that do not undergo crossing over 41 , and could occur in the guppy chromosomes, including the X and Y pair, during male meiosis 12 . This can reconcile the overall picture of strong associations with the sex-determining locus, and distinct Y chromosome haplotypes, with clear evidence that recombination occurs.
In conclusion, if SA polymorphisms have selected for close linkage with the guppy male-determining gene, and led to lower recombination rates in low predation populations, as suggested 15 , the mechanism is likely to have involved changes in crossover localisation; discrete recombination suppression events, such as inversions, creating evolutionary strata seem unlikely. Differences in crossover localisation are suggested by the observation that univalents were seen only for the XY pair, suggesting that this pair have more terminal localization of chiasmata than the autosomes 42 . Larger numbers of meiotic products should be studied by genetic mapping in the future, and more metaphases should be examined for presence of univalents, to test whether chromosome 12 differs from the other chromosomes in the pattern or degree of localization of crossing over in male meiosis.
Families from low-predation populations should also be studied to test whether crossover patterns in male meiosis differ genetically between populations, and whether any differences are specific to chromosome 12. Also, population genomic data from larger samples can test the surprising previous interpretation 15 of lower reciprocal recombination rates in low predation populations. If LD on chromosome 12 breaks down nearer to the centromere than in our high-predation sample, it will imply the opposite, namely that low predation populations have higher reciprocal recombination rates, consistent with the genetic data so far available 43 .
Methods
Fish samples
Our study used a captive population derived from a sample collected by D.P. Croft Table S1 provides details of the insert sizes and other statistics).
For each fastq file, reads were trimmed to remove adapters and primers, along with poor quality bases, using cutadapt (version 1.8.3), using parameters -m 35 -q 301 44 . The resulting filtered sequences were mapped to a publicly available reference female Poecilia reticulata genome sequence assembly (available at GenBank under accession number GCF 000633615.1). Reads were aligned against the reference genome using bwa mem (version 0.7.13) 45 with parameter -M which marks split alignments as secondary so that they can later be excluded by downstream tools. Duplicates were marked using Picard tools (version 2.8.1) (http://broadinstitute.github.io/picard) and excluded. The minimum mapping rate among the 16 guppy samples was 97.41%, and the coverage, estimated for all sites using SAMTools (v 0.1.19), was rarely below 50 (Supplementary Table S3 ); note that this coverage analysis differs from that of 15 , who excluded male reads not perfectly matching the female assembly, in order to use lower male coverage to detect diverged Y-linked sequences).
Moreover, the mapping rates were similar for males and females (Supplementary Table S1 ).
SNPs in the resulting files in BAM format were called using the GATK pipeline Table S3 and Figure S4 ).
Population genomic analyses of SNPs, including estimates of F ST , Tajima's D, and linkage disequilibrium (LD, which was quantified as r 2 , using analyses of the diploid data from both sexes generated by sequencing, without inferring phase) were done in VCF tools 48 , as were F IS estimates. The F ST estimates were for individual variable sites, using the approach of 49 . The results were plotted in non-overlapping windows of 50 kb. For a finer scale view of heterozygote frequencies, F IS values were also estimated for each biallelic site, using a Python script. Principal Components Analysis (PCA) was done using the Tassel software 50 .
To determine the extent of any regions exhibiting complete sex linkage, the genotype configurations of all variable sites with complete genotype information in all individuals, and no more than two alternative bases (biallelic SNPs), were examined. Such analysis allows us Figure S5) , we used a single inferred X haplotype from each female individual, and a Y haplotype from each male; the tree is based on nucleotide p-distances analysed in MEGA software version 7 51 . The same procedure was used for the clustering shown in Figure 4D , based on sites with no variation in the females in our sample.
Genetic mapping: A full-sib family of 42 individuals (25 males and 17 females) was made using parents from the same population used for the genome resequencing, using as markers several microsatellites and SNPs in genes (Supplementary Table S2 We also compared numbers of recombinants in meiosis of the male and female parents of all the families, using 2-tailed 2 x 2 contingency table analyses to test whether the sexes differ in their recombination. To make paired comparisons, we used intervals in which the physical distances were associated with multiple crossovers in female meiosis, and where both the markers defining the interval were genotyped in both parents of the cross (Supplementary Table 4 ).
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